ABSTRACT. Lawsonia intracellularis isolated from a Japanese field case of porcine proliferative enteropathy (PPE) was cultivated and partially characterized. The bacterial cells isolated from the intestinal mucosa of a pig suffering from the acute form of PPE were used to inoculate rat small intestine cells and human epithelial cells (HEp-2). Infected foci, which were stained with L. intracellularisspecific rabbit antiserum, were observed in the cell culture at 5 days post inoculation. The DNA sequence of several genes in the Japanese isolate had high similarity with those of the L. intracellularis type strain, suggesting the genetically close relationship of the two strains. This is the first report describing the cultivation and partial characterization of L. intracellularis originated in Japan. KEY WORDS: cultivation, Lawsonia intracellularis, porcine proliferative enteropathy.
Porcine proliferative enteropathy (PPE) which is distributed throughout the world, affects mainly growing and finishing pigs with symptoms of unthriftiness, diarrhea, chronic weight loss and death. PPE has two different clinical presentations: chronic diarrhea and slow growth of growing-finishing pigs (porcine intestinal adenomatosis), or mortality of gilts by hemorrhagic enteropathy (porcine hemorrhagic enteropathy: PHE) [14] . The disease is characterized microscopically by an abnormal and marked proliferation of immature epithelial cells in the crypts and infection of these cells by the obligatory intracellular bacterium Lawsonia intracellularis [6, 12, 14] .
The in vitro maintenance of L. intracellularis is extremely difficult due to the highly contaminated intestinal environment where it resides, the need for growing cells for propagation of the bacteria and the restrictive cultivation conditions required by the bacteria [5, 13] . Not many of L. intracellularis isolates have been successfully maintained in vitro throughout the world.
In the field in Japan, L. intracellularis is widespread and causes significant economic losses due to outbreaks of PHE. However, the cultivation and characterization of this organism has not yet been achieved. The purpose of this study was to cultivate a Japanese L. intracellularis isolate in vitro and to find, if any, the similarities with the type strain by analyzing several genes whose nucleotide sequence is already known.
L. intracellularis was obtained from the intestines of a 160-day-old pig that weighted approximately 100 kg from a herd that was experiencing an outbreak of the acute form of PPE. The disease was confirmed by L. intracellularis specific PCR [10] and indirect immunoperoxidase staining using a rabbit serum specific for L. intracellularis [17] . Fragments of ileum and jejunum with macroscopic lesions of PPE were frozen at -80°C and later used for extraction and cultivation of L. intracellularis. The extraction of L. intracellularis from the lesion was performed according to previous reports [8, 13] . In brief, frozen tissues were thawed and the intestine was cut with scissors. The mucosa was scraped and homogenized, and then an equal volume of 1% trypsin in phosphate buffered saline was added. After incubation at 37°C for 35 min, 40 ml of Dulbecco's modified eagle medium (DMEM) with 10% foetal bovine serum (FBS) was added to 10 ml of trypsinized mucosa. Then, the mucosa was ground in a glass homogenizer and filtered serially through pre, 3.0, 1.2, 0.8 and 0.65 µm -pore-size membrane filters (Millipore, Tokyo, Japan). A Percoll gradient was prepared by mixing 45 ml of sterile Percoll (Amersham Biosciences, Tokyo, Japan), 3 ml of 5.0 M sodium chloride, and 52 ml of distilled water. Four milliliters of the L. intracellularis suspension was loaded onto 30 ml of the gradient mixture and centrifuged at 20,000 × g for 45 min. The lower band containing L. intracellularis was pumped off into a polycarbonate tube supplemented with 12 ml of PBS and centrifuged at 8,000 × g for 20 min. The supernatant was discarded, and the pellet was resuspended in DMEM-10% FBS. Dimethyl sulfoxide was added to a final volume of 10% and aliquots were frozen at -80°C.
Rat small intestine cells (IEC-18; ATCC CRL 1589) and human epithelial cells (HEp-2) were grown in DMEM with 10% FBS, trypsinized at 3-day intervals and seeded at 1.25 × 10 3 /ml into fresh containers. Uninfected cells were grown at 37°C in an atmosphere of 5% CO 2 in the same medium supplemented with L-glutamine (2 mM) and amphotericin B (2.0 µg/ml) without antibiotics.
Inoculation of cultured cells with L. intracellularis was performed as described [13] . IEC-18 and HEp-2 cells were seeded onto 13-mm diameter glass coverslips in a 0.2 ml volume of medium; tissue culture flasks were seeded at comparable cell densities. Semi-confluent monolayers were used for inoculation experiments. A frozen aliquot of the bacterial sample was thawed rapidly at 37°C, diluted in DMEM-10% FBS at a ratio of 1:10, and added to the monolayer. The infected monolayer was centrifuged at 2,000 × g before transfer to a multi-gas incubator maintained at 37°C, 5% O 2 , 8.8% CO 2 . The culture was incubated at 37°C for 3 hr, and then neomycin (50 µg/ml), gentamycin (50 µg/ml) and vancomycin (100 µg/ml) were added. The culture medium of the infected monolayer was replaced by fresh DMEM 1% FBS with antibiotics at 2 to 3 day intervals. Passage of infection was done as described [13] . The development of infection was monitored by PCR [10] using the culture supernatant as a template and by immunohistochemical staining with a rabbit antiserum [17] .
The total DNA was prepared from a homogenate of intestinal mucosa from a pig affected by PPE and culture supernatant of infected monolayers using Instagene Matrix of Tth DNA polymerase (Toyobo, Tokyo, Japan), 10 × reaction buffer and 10 µl of template DNA. The mixture was subjected to 30 PCR cycles of 60 sec at 88°C, 90 sec at 55°C, and 90 sec at 72°C in a thermal programmer (GeneAmp ® PCR Sysytem9700; Perkin-Elmer, Tokyo, Japan). PCR products were separated on a 1.5% agarose gel and visualized by staining with ethidium bromide. Amplification products were sized under UV light with reference to DNA molecular size markers. For gene cloning, PCR products were cut from the agarose gel and purified using GenElute TM Agarose Spin Columns (Sigma, Tokyo, Japan). PCR products were cloned into pGEM ® T easy vector (Promega, Tokyo, Japan) and purified with a Qiagen Plasmid mini kit (Qiagen, Tokyo, Japan). Sequencing reactions were performed using ABI PRISM Dig Dye TM Terminator Cycle Sequencing Ready Reaction Kits (Applied Biosystems, Foster city, CA). Nucleotide sequencing was performed using an ABI PRISM ® 310 Genetic analyzer (Applied Biosystems, Foster city, CA) and the data obtained were compared with the corresponding sequence of L. intracellularis type strain NCTC 12656 in GenBank and patented sequence databases.
Confluent monolayers of IEC-18 and HEp-2 cells that had been exposed to L. intracellularis were washed with PBS and fixed with 4% paraformaldehyde-PBS. Staining was carried out by the immunoperoxidase method using rabbit antiserum specific for L. intracellularis [17] and peroxidase-conjugated anti-rabbit IgG sheep antibody.
A pig with symptoms suggestive of PPE had gross lesions in the ileum characteristic of PPE. The crypts were elongated, enlarged and lined with crowded immature epithelial cells (Fig. 1) . Warthin-Starry staining of histological sections revealed the presence of numerous slightly curved bacteria within enteric cells and hyperplastic crypt cells. After isolation and purification by Percoll density gradient, these bacteria were positive for PCR [10] .
IEC-18 and HEp-2 cells inoculated with the isolated bacteria were fixed and stained with rabbit antiserum at 5 days post inoculation (Fig. 2) . Indirect immunoperoxidase staining revealed the presence of curved bacteria in the cytoplasm of the infected monolayers. Observation of the cultures at 5 days post inoculation revealed that approximately 50% of the IEC-18 or HEp-2 cells were infected with L. intracellularis. In these monolayers, numerous "infected foci", which were previously described [2, 13] , were observed. The cells in the infected foci contained 50 or more organisms in the cytoplasm (Fig. 2) . The L. intracellularis could be passaged twice in the cell culture and maintained for one and a half month. The supernatants of the infected monolayers were positive for the PCR throughout the experiment.
Using DNA of L. intracellularis isolated from the infected monolayers as a template, DNA-fragments of the expected sizes were amplified by PCR with primers for an L. intracellularis-species-specific sequence, and for 16S rDNA, Sod C, 50-kDa outer membrane protein and HSP60 genes. The specificity of the PCR was confirmed by nucleotide sequence analysis of these amplified DNA fragments. The nucleotide sequences of the PCR fragments from the HSP60, Sod C and 50-kDa outer membrane protein genes were determined and submitted to GenBank as accession numbers AB218756, AB218757 and AB218758, respectively. The analysis revealed 99.6%, 100% and 99.6% identity with the sequences of the species-specific DNA, 16S rDNA, and HSP60 gene, respectively, of L. intracellularis NCTC12656 in data bank entries (Table 1 ). In the patented sequence database, the nucleotide sequences of the amplified fragments were 99.8% and 99.7% identical with those of the sod C gene and 50-kDa outer membrane protein gene, respectively, from L. intracellularis NCTC12656.
In the field in Japan, L. intracellularis is widespread, and economic loss due to outbreaks of PPE is considered to be significant. An etiological survey of L. intracellularis done in Japan in 1999 using IFA and PCR revealed that 10 of 17 farms were positive for L. intracellularis [11] . Another survey done in 2000 to 2003 showed that 362 of 378 farms (96%) and 3104 of 5198 animals (60%) were positive for L. intracellularis [7] . However, L. intracellularis has not been isolated and cultivated in Japan, and therefore the properties of L. intracellularis strains disseminated in the field in Japan have not been clarified. This is the first report describing in vitro cultivation and partial characterization of L. intracellularis originated from a Japanese field case of PPE.
There are several reports concerning in vitro cultivation of L. intracellularis from the United Kingdom [13] , United States [10] , Australia [2] and Switzerland [5] . In those reports, L. intracellularis was cultivated according to the method [13] , who used IEC-18 cells, as host cells. In this study, in addition to IEC-18 cells, we used HEp-2 cells originated from epithelioma of the human larynx, and found that L. intracellularis could also replicate in these cells. This suggests that L. intracellularis may have the ability to infect and grow in many kinds of epithelial cell lines.
At 5 days post-inoculation, numerous curved bacteria stained with a rabbit antiserum were observed in the cytoplasm of the infected cells (Fig. 2) . Formation of infected foci, which were clearly distinguished from surrounding non-infected cells, was also observed. This indicated that L. intracellularis might spread not by directly invading the adjacent cells but by multiplication of the initially infected cells. The presence of vacuoles containing many bacteria was described in the cells infected with a hamster L. intracellularis strain [9] ; however, we could not find such vacuoles in this study.
There are a few reports describing that cultured cells provide excellent growth conditions resulting in the recovery of 1 × 10 8 per ml or more bacteria from the culture supernatant of infected monolayers [15] . On the other hand, there are some reports showing that L. intracellularis did not replicate well in infected cultured cells [5] . In our study, approximately 10 4 bacteria per ml could be recovered from the infected cells (data not shown), indicating that this L. intracellularis isolate grew poorly. This may have been due to poor growth ability of the isolate itself or due to inadequacy of the culture conditions we employed in this study.
There is some controversy about whether L. intracellularis produces cytopathic effects (CPE) in the infected cells. Lawson et al. described that heavily infected cells appeared to be rounded and detached from the monolayers [13] . On the other hand, some investigators reported that no morphological changes occured in the infected monolayers [2, 5] . In the present study, we also could not find any morphological changes in the infected cells. The cytopathic effect in the cells seemed not to depend on the number of infecting bacteria, because we inoculated the host cells grown on a 25 cm 2 culture flask with more than 10 7 bacteria, which seemed to be a sufficient amount to cause infection of the cells. Thus, it is reasonable to speculate that many L. intracellularis strains cannot produce CPE in infected cultured cells.
The sequence of the 16S rDNA of the present Japanese L. intracellularis isolate had 100% similarity with the sequence of the type strain NCTC12656, confirming that the isolate was L. intracellularis (Table 1) . Three nucleotide sequence differences between the Japanese isolate and the type strain were found in the L. intracellularis-specific DNA fragment. The sequence of this fragment in the Japanese isolate was identical to that of an L. intracellularis isolate from a wild pig in the Czech Republic [16] . This indicates that there are at least two different nucleotide sequences in the L. intracellularis-specific fragment: one is identical to that of the type strain, while the other is identical to those of the Japanese and Czech Republic isolates.
Many bacteria pathogenic for humans and animals possess the sod C gene encoding superoxide dismutase (SOD) [1] . When pathogenic bacteria are engulfed via phagocytosis, large quantities of reactive oxygen intermediates are produced in phagocytes and function in a major bactericidal effecter mechanism against pathogenic bacteria. To cope with oxidative stress, bacteria have evolved SOD, which can convert the highly reactive superoxide to hydrogen peroxide. Thus, SOD is considered to be one of the major virulence factors of pathogenic bacteria. One sequence difference in the SOD gene was found between the Japanese isolate and the type strain. This difference produces one amino acid exchange in the 8th α helix domain of the SOD [1] , which may affect the enzymatic activity and the viru- lence of the L. intracellularis strain.
In the gene encoding the 50-kDa outer membrane protein of L. intracellularis, there were two nucleotide sequence differences between the Japanese isolate and the type strain. In the 60-kDa heat shock protein 60 (HSP60 or GroEL) gene [4] , there were six nucleotide differences, four of which led to amino acid substitutions. At present, we can not speculate about whether these amino acid exchanges affect the virulence of the strain or not.
Serological or genetic variation has not been found among L. intracellularis strains. In this study, we sequenced several known genes of a Japanese L. intracellularis isolate, and found high similarity (90% or more) with the corresponding genes of the type strain. Considering the geographical distance of Japan from Europe or America, it is reasonable to speculate that the L. intracellularis disseminated in Japan may not be a strain indigenous to Japan, but rather may have recently invaded via the importation of pigs. If more sequence data for genes of L. intracellularis are accumulated, it may be possible to classify L. intracellularis strains into several genetic groups. Such a new classification of L. intracellularis strains might facilitate the analysis of the epidemiology of this bacterium.
